A high risk factor for spontaneous and often fatal lobar hemorrhage is cerebral amyloid angiopathy (CAA). We now report that CAA in an amyloid precursor protein transgenic mouse model (APP23 mice) leads to a loss of vascular smooth muscle cells, aneurysmal vasodilatation, and in rare cases, vessel obliteration and severe vasculitis. This weakening of the vessel wall is followed by rupture and bleedings that range from multiple, recurrent microhemorrhages to large hematomas. Our results demonstrate that, in APP transgenic mice, the extracellular deposition of neuron-derived ␤-amyloid in the vessel wall is the cause of vessel wall disruption, which eventually leads to parenchymal hemorrhage. This first mouse model of CAAassociated hemorrhagic stroke will now allow development of diagnostic and therapeutic strategies.
In the rapidly growing segment of elderly people in industrialized countries, hemorrhagic stroke is an increasing threat. Nontraumatic etiologies for cerebral hemorrhage include hypertension and cerebral amyloid angiopathy (CAA). In contrast to hypertensive small-vessel disease, in which bleeding is predominantly found in the basal ganglia, cerebellum, or pons, CAA leads to spontaneous and often fatal lobar hemorrhage (Vinters, 1987; Massaro et al., 1991; Greenberg, 1998; Sacco, 2000) . CAA as a major cause of hemorrhagic stroke has not been fully appreciated in the past, with previous estimates in the range of 10% as a cause of all nontraumatic intracerebral hemorrhages (Vinters, 1987; Itoh et al., 1993; Greenberg, 1998) .
The most common form of CAA is of the ␤-amyloid (A␤) type (Burgermeister et al., 2000; Yamada, 2000) . A␤ is a 40 to 42 amino acid peptide derived from the longer amyloid precursor protein (APP) (Price et al., 1998; Selkoe, 1999) . CAA occurs sporadically and can be detected to various degrees in approximately half of all individuals beyond 70 years (Yamada et al., 1987; Itoh et al., 1993) . In addition, CAA can be detected in up to 90% of Alzheimer's disease (AD) patients (Vinters, 1987; Yamada et al., 1987) . In normal aging and AD, CAA occurs in conjunction with parenchymal amyloid plaques. However, CAA can also occur in the absence of compact plaques, as evidenced by patients with hereditary cerebral hemorrhage with amyloidosisDutch type (HCHWA-D) caused by a point mutation within A␤ at codon 693 of APP (E693Q) (Levy et al., 1990) . These patients develop a severe form of CAA and suffer recurrent intracerebral hemorrhages, leading to death between the ages of 45 and 55 (Wattendorff et al., 1995) .
Progress in CAA and CAA-related spontaneous hemorrhage has been slow because of the lack of useful animal models (Walker, 1997) . We have reported recently cerebral deposition of amyloid in plaques and vessels in an APP transgenic mouse model (APP23 mice) . In the present study, we report that CAA in these mice consistently leads to multiple and recurrent spontaneous cerebral hemorrhages. This first mouse model of CAA-associated hemorrhagic stroke provides clues to the mechanism of CAA-related hemorrhage, as well as a needed model for testing diagnostic and therapeutic interventions.
MATERIALS AND METHODS
Animals. Generation of B6,D2-TgN(Thy1-APP Swe )23 transgenic mice (APP23 mice) has been described previously (Sturchler-Pierrat et al., 1997) . APP23 mice overexpress APP 751 with the Swedish doublemutation under the control of a neuron-specific Thy-1 promoter element (Sturchler-Pierrat et al., 1997; C alhoun et al., 1999) . The mice have been backcrossed with C57BL /6J mice. A total of 101 heterozygous male and female APP23 mice and nontransgenic control mice ranging from 8 to 28 months of age from generation F6 -F12 have been used in this study. Nontransgenic control mice were either littermate control mice or control mice from another litter of the same generation of backcrossing.
Histolog y and immunohistochemistr y. Mice were overdosed with pentobarbital. Brains were removed, immersion fixed for 2 d in 4% paraformaldehyde, and embedded in paraffin (C alhoun et al., 1998a) . Coronal serial sections of 25 m thickness were cut with a microtome throughout the brain. For three-dimensional (3D) confocal reconstruction (see below), some brains were post-fixed, cryoprotected, frozen, and sectioned at 100 m with a freezing-sliding microtome (Jucker et al., 1994) .
Cresyl violet, hematoxylin and eosin (H&E), and Congo red staining were done according to standard protocols (C arson, 1996) . The Berlin Blue method of Perls's was used to visualize ferric iron in hemosiderin (Gomori, 1936; C arson, 1996) . Immunohistochemistry on paraffin and fixed-frozen sections was done according to previously published protocols (Jucker et al., 1994; C alhoun et al., 1998a) by using the avidinbiotin -peroxidase complex method (Vector Laboratories, Burlingame, CA) with diaminobenzidine as chromogen. The following antibodies were used: polyclonal antibodies to A␤ (N T-11/12) (Sturchler-Pierrat et al., 1997) , polyclonal antibody AS42/14 specifically to A␤42 (SturchlerPierrat et al., 1997) ; polyclonal antibody FCA3340 and FCA3542 specifically to A␤40 and to A␤42, respectively [(Barelli et al., 1997) generous gift from F. Checlair]; mouse monoclonal antibody to ␣-smooth muscle actin (clone 1A4; Sigma, St. L ouis, MO), mouse monoclonal antibody to ␤-dystroglycan (Novocastra, Newcastle upon T yne, UK) (Tian et al., 1996) ; polyclonal antibody to glial fibrillary acidic protein (GFAP) (Dako, Glostrup, Denmark); polyclonal antibodies to cystatin C (Accurate Chemicals, Westbury, N Y and Dako); and polyclonal antibody to mouse serum amyloid P component (SAP) (C albiochem, La Jolla, CA).
Confocal microscopy. Double-labeling for A␤ and smooth muscle cells was achieved by incubating paraffin sections simultaneously with polyclonal antibody to A␤ (N T12) and mouse monoclonal antibody to ␣-smooth muscle actin. The secondary antibodies were Alexa 568 goat anti-rabbit IgG and Alexa 488 goat anti-mouse IgG (1:500; Molecular Probes, Eugene, OR). Sections were mounted with Vectashield (Vector Laboratories) and analyzed with a Confocal Laser Scanning Microscope L SM 510, inverted Axiovert 100 M (Z eiss, Oberkochen, Germany). For 3D reconstruction of amyloid-laden vessels, thick, fixed frozen sections were incubated with N T12 antibody, followed by Alexa 488 goat antirabbit IgG. The 3D reconstruction was done by using the Full3D f unction of the Imaris 3.0 software (Bitplane AG, Zürich, Switzerland).
Quantitative anal ysis of CA A and total amyloid burden. Groups of young (8.0 months; n ϭ 10), adult (19.2 Ϯ 0.2 months; n ϭ 15), and aged (27.1 Ϯ 0.2 months; n ϭ 16) APP23 mice were used, with males and females balanced in all groups. Age-matched nontransgenic young (8.0 months; n ϭ 10), adult (19.8 Ϯ 0.4 months; n ϭ 8), and aged (26.9 Ϯ 0.4 months; n ϭ 10) mice were used. Frequency and severity of CAA were quantified on systematically sampled serial A␤-immunostained sections (N T12 antibody) throughout the region of interest (every 20th section through the neocortex; every 10 th section through the hippocampus; every 10th section through the thalamus; yielding 7-10 sections per region). A rating scale was used that was similar to that described previously (Olichney et al., 1996; C alhoun et al., 1999) . "CAA frequency" was calculated by counting the total number of A␤-positive vessels in the entire set of systematically sampled sections. To calculate "CAA severity," A␤-positive vessels were divided in one of three severity grades: 1, A␤ immunoreactivity confined to the vessel wall; 2, granular A␤ immunoreactivity in and around vessel wall with focal infiltration of the amyloid into the neuropil; and 3, extensive infiltration of amyloid into the neuropil with a complete amyloid coat around the vessel (see Fig.  1c-e) . The mean for all vessels was taken as CAA severity. Finally, "CAA score" was calculated by multiplying CAA frequency with CAA severity. All of the quantification was done on the right hemisphere only. This grading system was used by two independent raters and yielded similar results. Total amyloid burden (percentage) was quantified on the same set of systematically sampled A␤-immunostained sections using a point grid as described previously (C alhoun et al., 1998b) .
Quantitation of cerebral hemorrhage. C erebral hemorrhage is accompanied by a delayed appearance of hemosiderin-positive microglia (Koeppen et al., 1995) . Perls's Berlin blue-stained clusters of hemosiderin staining were quantified on sets of systematically sampled sections (every 10th section throughout the neocortex, hippocampus, and thalamus). All numbers are again for the right hemisphere only. An additional set of every 10th section was stained for H&E and screened for acute intraparenchymal bleedings (presence of large accumulation of erythrocytes in brain parenchyma). In addition to the groups of 8-, 19-, and 27-month-old APP23 and control mice, we also assessed hemorrhage number in aged APP23 mice and age-matched controls that were collected after their spontaneous death (APP23, n ϭ 9; mean age, 24.6 Ϯ 0.7 months; controls, n ϭ 4; 24.0 Ϯ 1.5 months). Brains of these mice were immersion-fixed in 4% paraformaldehyde for several weeks, paraffinembedded, and serially cut.
Assessment of the blood-brain barrier. Three 24-month-old female APP23 mice and three littermate controls were used. Mice received an intravenous injection of horseradish peroxidase (HRP) (type IV-A; Sigma) in the tail vein (0.4 mg /gm body weight). Thirty minutes later, mice were overdosed with pentobarbital and perf used with PBS, followed by 2% paraformaldehyde plus 2% glutaraldehyde. Brains were post-fixed, cryoprotected, frozen, and cut with a freezing-sliding microtome. Blood-brain barrier (BBB) leakage was studied by incubating sections in PBS with 0.05% DAB and 0.03% hydrogen peroxide (Banks and Broadwell, 1994) . One transgenic and one aged control mouse were perf used with 10 ml of 0.4% trypan blue (Fluka, Buchs, Switzerland) in PBS, followed by 2% paraformaldehyde plus 2% glutaraldehyde (Reynolds and Morton, 1998). Brains were post-fixed, cut with a vibratome, and examined for BBB leakage of the dye.
Statistical analysis. All statistical analysis was done with STATVIEW 5.01. Significance levels were set at p Ͻ 0.05. Indicated is the mean Ϯ SEM.
RESULTS

Age-related increase in CAA frequency and severity in APP23 mice
In 8-month-old APP23 mice, cerebrovascular amyloid was generally absent with the exception of rare focal deposits in leptomeningeal vessels. In contrast, in the 19-and 27-month-old groups, cerebrovascular amyloid was found consistently throughout the neocortex, hippocampus, and thalamus ( Fig. 1 ), and to a lesser degree in other regions such as septum, striatum, brainstem, and white matter. Leptomeningeal vessels were always heavily affected (Fig. 2) . Cerebrovascular amyloid was almost exclusively Congo red-positive, suggesting that amyloid is of a compact ␤-pleated nature. Robust staining of vascular amyloid was found with both A␤40-and A␤42-specific antibodies. A␤40 exceeded A␤42 staining intensity, suggesting a predominance of A␤40 over A␤42 in vascular amyloid similar to that reported in humans (Alonzo et al., 1998) . Antibodies to cystatin C revealed appreciable staining of cerebrovascular amyloid, suggesting that mouse cystatin C is part of the amyloid. However, the cystatin C immunoreactivity was restricted to a subpopulation of amyloid-laden vessels predominantly in the thalamus and was clearly less intense than A␤ staining. Antibodies to SAP did not reveal any appreciable amyloid staining.
Quantification of CAA frequency in systematically sampled sections revealed a striking age-related increase in neocortex ( Fig.  3a) , hippocampus, and thalamus (data not shown). CAA severity also increased with aging ( Fig. 3b) , indicating that not only are more vessels affected with aging but also that the amyloid burden of individual vessels increased with aging. Interestingly, thalamic vessels revealed a greater CAA severity compared with neocortical vessels in both the 19-and 27-month-old mice ( p Ͻ 0.001; CAA severity for thalamus, 1.59 Ϯ 0.08 and 1.82 Ϯ 0.05, respectively). This observation was all the more interesting because the thalamus does not express the APP transgene (see Discussion). No difference in CAA frequency and severity was found between males and females ( p Ͼ 0.05), consistent with no significant sex predilection of CAA in humans (Vinters, 1987; Yamada et al., 1987) .
Similar to the striking increase in CAA with aging, a robust age-related increase in total amyloid load has been reported in these mice (Sturchler-Pierrat et al., 1997) . However, we did not find a significant correlation between CAA frequency or severity and amyloid load within age groups (data not shown), confirming previous age-corrected linear regression analysis .
CAA leads to smooth muscle cell degeneration and aneurysm-like vasodilatation
Confocal microscopy using double-labeling for A␤ and smooth muscle cell actin revealed an extensive loss of smooth muscle cells in the tunica media of amyloid-laden vessels (Fig. 4) . Whereas in 19-month-old mice a focal discontinuity of the smooth muscle cell layer was typically observed (Fig. 4b) , in 27-month-old mice, we often observed a dramatic loss of smooth muscle cells, with only patchy staining for smooth muscle cell actin remaining (Fig. 4c) . Such a loss of smooth muscle cells concomitant with an increasing amyloid burden in the vessel wall was evident in leptomeningeal vessels and in vessels throughout neocortex, hippocampus, and thalamus, very similar to CAA in humans (Kawai et al., 1993; Wisniewski and Wegiel, 1994) . Interestingly, even in the heavily affected mice, there were often individual smooth muscle cell containing vessels that were not affected by CAA (Fig. 4d,e) .
We have shown previously a dystroglycan-mediated linkage between perivascular astrocytes and the vascular basement membrane (Tian et al., 1996) . Such a tight linkage between the vessel wall and astrocytic end feet is clearly important for vessel stabilization and nutrient trafficking. To study a potential disruption of this glia-vascular interface by cerebrovascular amyloid, we have used double-labeling for GFAP, ␤-dystroglycan, and A␤. In cases in which the amyloid was confined to the vessel wall, no apparent changes in perivascular glia staining was apparent. However, when the vascular amyloid infiltrated the parenchyma, GFAPpositive glial processes were no longer tightly associated with the vessel parenchymal basement membrane, and there was a focal loss of ␤-dystroglycan (data not shown).
Loss of smooth muscle cells and disruption of the glia-vascular interface leads to vessel wall weakening. In the 27-month-old mice, a significant number of vessels with aneurysm-like enlargements were most often found in the thalamus and also neocortex (Fig. 5c ). In such dilated vessels, the smooth muscle layer was in most cases absent, and vasodilatation often reached dramatic sizes of up to 200 m (Fig. 5c) . No loss of smooth muscle cells or aneurysm type of vasodilatation was found in nontransgenic mice of any age.
CAA-related cerebral hemorrhage in APP23 mice
The high incidence of cerebrovascular amyloid and the loss of smooth muscle cells led us to examine whether CAA in aged APP23 mice also causes hemorrhage similar to that described in humans (Vinters, 1987; Vonsattel et al., 1991; Itoh et al., 1993; Greenberg, 1998) . Old cerebral hemorrhages were studied using Perls's iron staining, which identifies residual hemosiderin. Acute bleeding was assessed in H&E-stained sections. No evidence for both old and acute hemorrhages were found in 8-month-old mice. In contrast, 19-month-old APP23 mice revealed several focal hemosiderin deposits in neocortex and thalamus, most of which were localized to the cytoplasm of perivascular microglial cells. Strikingly, when we looked at 27-month-old mice, we found a dramatic increase in the frequency but also size of such hemosiderin clusters (Figs. 5, 6a ). Hemosiderin-positive microglia were often in close contact to vessels that had formed aneurysm-like enlargements (Fig. 5c) . In several aged mice, we also found evidence for acute bleeding (Fig. 5f ). Mice with acute hematomas also revealed numerous hemosiderin deposits throughout the neocortex, suggesting multiple recurrent bleedings over time. Acute and old bleedings were sometimes colocalized, suggesting recurrent bleeding in the same region (Fig. 5f,g ). No such bleedings were observed in nontransgenic control mice of any age.
The anatomical distribution of the hemorrhages (primarily neocortex and thalamus, and to a lesser degree pia, hippocampus, and striatum) appeared very similar to the distribution of CAA. Correlative analysis between hemorrhage number and CAA score (frequency ϫ severity) in neocortex of the 27-month-old group of mice revealed a significant positive correlation (Fig. 6b) . A similar significant positive relationship was found in the thalamus (data not shown). These observations are in line with the morphological analysis, in which in most cases hemosiderin could clearly be assigned to amyloid-laden vessels (Fig. 5d,e) . Interestingly, and consistent with the independence of amyloid plaque and CAA development, no significant relationship was observed between total amyloid load and hemorrhages (Fig. 6c) .
It is difficult to establish whether an acute hemorrhagic stroke was the cause of spontaneous death in some of the aged APP23 mice. Most of the hematomas were small, reaching only a "subclinical" state. However, a large neocortical hematoma may have been the cause of the spontaneous death of at least one mouse.
CAA-associated vasculitis
A granulomatous giant cell vasculitis has been reported in some cases of human CAA. This observation has been attributed to a coexistence of vasculitis and CAA or to an immunological reaction and complication of CAA (Probst and Ulrich, 1985; Mandybur and Balko, 1992; Yamada et al., 1996) . In 3 of the 25 aged APP23 mice, all of them with a high CAA score, we have found evidence of CAA-associated vasculitis. In particular, one mouse, examined after its spontaneous death, exhibited a severe lymphocytic vasculitis throughout subcortical, cortical, and leptomeningeal vessels (Fig. 7) . In this case, lymphocytes were found in the vessel wall, indicative of endovasculitis. Affected vessels appeared thickened, partially necrotic, and sometimes obliterated (Fig. 7 ). There were no multinucleated giant cells or neutrophils. Because vasculitis was not observed in nontransgenic mice and only in transgenic mice with significant CAA, it does not appear to be the cause but an occasional consequence of CAA in our mouse model.
BBB leakage
Breakdown of the BBB with transition of blood protein into the vessel wall and brain parenchyma has been implicated as a key step in the pathogenesis leading to cerebral hemorrhage (Maeda et al., 1993) . However, the present results using two different methods of BBB testing did not reveal any obvious leakage of the BBB unless an acute bleeding was present. We noticed that trypan blue labeled more vessels in the aged APP23 mice compared with age-matched controls and that the labeling was preferentially associated with amyloid-laden vessels. However, neither the dye nor HRP significantly infiltrated the neuropil, and the punctate staining for HRP in the vessel wall was consistent with the reported normal incorporation of blood-derived HRP by endocytic vesicles of the vascular endothelia (Banks and Broadwell, 1994) .
DISCUSSION
Progression of CAA in APP23 mice is similar to CAA in humans
CAA in APP23 mice shows striking similarities to human CAA (Mandybur, 1986; Vinters, 1987; Alonzo et al., 1998) . It is mostly congophilic and consists mainly of A␤40. Initial deposition occurs in the abluminal part of smooth muscle cell-containing vessels, and leptomeningeal vessels are the first to be affected. Later, many smaller vessels and capillaries become affected. CAA in mice and humans occurs in the neocortex and to a lesser degree in hippocampus, striatum, basal forebrain, brainstem, and white matter. There are, however, also differences in the anatomical distribution of CAA between mouse and human. For example, CAA in thalamus is much more prominent in mouse than human. Vice versa, there is almost no CAA in mouse cerebellum, whereas CAA occurs in human cerebellum. These differences might be explained by the anatomically restricted transgene expression (Andra et al., 1996) but also by species-differences in A␤ transport and drainage along perivascular spaces (Weller, 1998; Weller et al., 1998; Calhoun et al., 1999) .
In both APP23 mouse and human, there is a striking age- Age-related increase in CAA frequency and severity in APP23 mice. a, Number of amyloid affected vessels (CAA frequency) was quantified in systematically sampled sections through the neocortex of young (8 months), adult (19 months), and aged (27 months) APP23 mice. ANOVA revealed a significant affect of age (F (2,38) ϭ 41.6; p Ͻ 0.001). b, A grading score was then used to assess severity of affected vessels (for details, see Fig. 1c-e and Materials and Methods). The mean CAA severity is indicated for the 19-and 27-month-old groups and revealed a significant age-related increase (t (29) ϭ 2.95; p Ͻ 0.01).
related increase in frequency and severity of CAA (Vinters, 1987; Yamada et al., 1987) . Such an increase may reflect a stochastic seeding process in the vessel wall and subsequent A␤ accumulation (Lansbury, 1997) . In addition, an age-related decrease in perivascular drainage of A␤ by a thickening of the vessel basement membrane and/or by an impaired vessel motility in the aging brain may significantly contribute to the increase in CAA with aging (Kalaria, 1996; Weller et al., 1998) . Interestingly, in both mouse and human, development of CAA and amyloid plaques appear to be independent processes, both naturally depending on A␤ levels and on age as common risk factors (Greenberg et al., 1995; Calhoun et al., 1999) . Consistently, it has been demonstrated that overexpression of TGF␤1 increases CAA but decreases amyloid plaque formation in APP/ TGF␤1 double-transgenic mice (Wyss-Coray et al., 1997 . The different pathogeneses of vascular amyloid and parenchymal amyloid have important consequences for therapeutic intervention in CAA-associated hemorrhagic stroke (see below). 
CAA is the cause of hemorrhagic stroke in APP23 mice
The strongest causal link between CAA and cerebral hemorrhage in humans comes from the observation that HCHWA-D patients with a point mutation at position 22 of A␤ (position 693 of APP) develop severe CAA and suffer fatal lobar hemorrhagic strokes early in their fifties (Wattendorff et al., 1995; Vinters et al., 1998) . Cerebral hemorrhage is also a frequent finding in sporadic CAA and AD. However in these patients, CAA appears to be a prerequisite but not sufficient for vessel rupture, with additional factors such as hypertension, vascular abnormalities, fibrinoid necrosis, infarcts, trauma, vasculitis, and apolipoprotein E (ApoE) genotype playing an important role (Mandybur, 1986; Vonsattel et al., 1991; Itoh et al., 1993; O'Donnell et al., 2000) . Whether these factors contribute to vessel rupture independently of CAA or secondary to CAA is not clear. In APP23 mice, CAA is the only factor to which the hemorrhage could be attributed. Hemorrhage was only found in aged transgenic mice with CAA and was not observed in aged control mice. Both hemorrhage and CAA increase very similarly and almost exponentially with aging. Hemorrhage was predominantly found in brain regions in which CAA is most severe, i.e., in the neocortex and thalamus. In areas with no CAA (such as the cerebellum), no hemorrhages were detected. There was a significant correlation between CAA and hemorrhage in the neocortex and thalamus, and in most cases, bleeding could be clearly allocated to individual amyloid-laden vessels. It may be argued that APP overexpression (albeit restricted to neurons in APP23 mice) or amyloid deposition in the brain parenchyma predispose vessels to rupture. However, the findings of severe CAA and hemorrhages in the thalamus, which lacks transgene expression , and lack of a correlation between amyloid plaques and hemorrhage argues against this possibility. In summary, these observations demonstrate that CAA is the driving force of vessel rupture and hemorrhage in the APP23 mouse.
Pathogenesis of CAA-induced hemorrhage
The present results indicate that the loss of smooth muscle cells is an early and severe consequence of cerebrovascular amyloid deposition, as described in CAA in humans (Kawai et al., 1993; Wisniewski and Wegiel, 1994) . In human CAA, it has been suggested that increased A␤ production of smooth muscle cells leads to smooth muscle degeneration (Kawai et al., 1993; Wisniewski and Wegiel, 1994; Davis-Salinas et al., 1995) . However, this cannot be the case in APP23 mice because transgenic A␤ in the mice is of neuronal origin and is not produced by smooth muscle cells . Alternatively, it has been suggested that smooth muscle cells internalize neuronderived A␤ and that release of A␤ may trigger smooth muscle cell degeneration (Urmoneit et al., 1997) . Again, this is unlikely to be the mechanism in the mice, because we did not find any evidence for A␤ within smooth muscle cells. In contrast, our results suggest that extracellular A␤ is toxic to smooth muscle cells. This toxicity may either be mediated by soluble A␤, which drains along perivascular spaces (Davis-Salinas et al., 1995; Weller et al., 1998; Calhoun et al., 1999) , or by A␤ fibril assembly at the surface of smooth muscle cells (Van Nostrand et al., 1998) . It is also conceivable that smooth muscle cells degenerate by purely mechanical constriction by the surrounding amyloid coat or by focal Figure 6 . Age-related increase in hemorrhage in neocortex of APP23 mice. a, Frequency of perivascular hemosiderin-positive staining was assessed in systematically sampled sections through the neocortex. No evidence of old bleedings (hemosiderin) was found in the 8-month-old mice. From 19 to 27 months of age, there appears a striking increase in frequency of intracerebral hemorrhages (ANOVA; F( 2,38 )ϭ 26.1; p Ͻ 0.001). Because the sampling was done in the right hemisphere only and in every 10th section, total incidence of hemorrhages in the neocortex of 27-month-old mice can be estimated to be Ͼ100. b, Significant positive relationship between CAA score (frequency ϫ severity) and hemorrhage number in neocortex of the 27-month-old mice ( p Ͻ 0.01). Similar positive correlations were found between CAA frequency and hemorrhage and between CAA severity and hemorrhage (for both R 2 ϭ 0.44). c, In contrast, no relationship between neocortical amyloid plaque load and hemorrhages was found ( p Ͼ 0.05). ischemia. Regardless of the exact mechanism, our results suggest that smooth muscle cell degeneration can be driven by extracellular amyloid of neuronal origin. The disruption of the tight link between perivascular astrocytic end feet and the vessel wall appears somewhat later in the pathogenesis of CAA-induced hemorrhage and occurs to a significant degree only when the vascular amyloid infiltrates the neuropil. Such dyshoric amyloid also leads to perivascular microglial activation . Disruption of the tight glial-vascular interface, together with the replacement of the media by amyloid, leads to a weakening of the vessel wall, which occasionally leads to aneurysmal dilatations in aged APP23 mice. In addition, the present results show that a severe endovasculitis with vessel obliteration develops in ϳ10% of the aged mice with CAA. Both the frequency and morphology of such CAAassociated endovasculitis appears to be very similar to sporadic human CAA (Probst and Ulrich, 1985; Mandybur and Balko, 1992; Yamada et al., 1996) and also greatly contributes to vessel weakening and rupture.
In humans, it has been suggested that cerebrovascular amyloid leads to "cracks" in the vessel wall, with plasma enzymes leaking into and digesting the wall (Mandybur, 1986; Maeda et al., 1993) . In APP23 mice, significant BBB leakage and fibrinoid necrosis were absent. Consistent with no gross BBB leakage, we did not find SAP to be a component of cerebrovascular amyloid in the APP23 mice. In contrast, SAP is a component of human CAA and has been implicated in the protection of the amyloid fibrils from degradation (Coria et al., 1988; Tennent et al., 1995; Verbeek et al., 1998) .
It has been suggested that fatal hemorrhage in sporadic CAA and HCHWA-D is associated with the presence of cystatin C as a component of the vessel amyloid (Maruyama et al., 1990; Vinters et al., 1990; Itoh et al., 1993; Maat-Schieman et al., 1997) . The present results indicate that cystatin C is also a component of CAA in APP23 transgenic mice, but a clear relationship between cystatin C and hemorrhage was not obvious. In future studies, it will be instrumental to develop mouse model of CAA other than of the A␤ type, which will help to illuminate the mechanisms of CAA and CAA-induced hemorrhages (Burgermeister et al., 2000) . For example, it is not clear why HCHWA-Iceland type patients, who develop CAA composed of mutated cystatin C, suffer fatal hemorrhages much earlier than HCHWA-D patients (Olafsson et al., 1996) . In contrast, patients with dementia of the British and Danish types, who develop severe CAA composed of ABri and ADan, respectively, do not develop significant hemorrhage (Vidal et al., 1999 (Vidal et al., , 2000b . Thus, the risk of hemorrhage may be predicted by the type of amyloid, the amount of amyloid, the participation of cofactors such as pathological chaperones, or the anatomical distribution of the amyloid within the vessel or certain brain regions.
Diagnostic and therapeutic potential of mouse models of CAA
CAA does not naturally occur in rodents but has been reported in aged dogs and nonhuman primates (Walker, 1997) . CAA-related spontaneous hemorrhage has only consistently been reported in aged dogs beyond 13 years of age (Dahme and Schroder, 1979; Uchida et al., 1990) . The present findings of robust CAA with multiple and recurrent hemorrhages in aged APP23 transgenic mice make this the first useful and genetically defined animal model to study diagnostic and therapeutic strategies of CAAassociated hemorrhage (Greenberg, 1998; Sacco, 2000) .
In terms of diagnostic potential, the APP23 mouse model should be well suited for the development of in vivo detection of cerebrovascular amyloid (Skovronsky et al., 2000) and noninvasive markers for the progression of CAA-induced hemorrhages. There is a great need for diagnostic tools because, for example, it has been reported that recurrent bleedings are more severe than initial bleedings and more often fatal (Passero et al., 1995; Greenberg et al., 1999) . Recently, progress in noninvasive detection of hemosiderin has been reported using gradient-echo magnetic resonance imaging (Greenberg et al., 1999) .
Potential treatments for CAA-related hemorrhage can be divided into strategies of inhibiting the deposition of amyloid in the vessel wall and in blocking subsequent pathogenesis leading to vessel wall rupture (Greenberg, 1998) . It has been reported recently that vaccination of PDAPP transgenic mice leads to a significant reduction of amyloid plaques presumably by phagocytotic microglia (Schenk et al., 1999; Bard et al., 2000) . Unfortunately, PDAPP transgenic mice do not develop significant CAA, and the outcome of vaccination on CAA is uncertain. If vaccination indeed has the potential to "clear" even vascular amyloid, great caution has to be devoted to potential induction of bleeding attributable to removal of the amyloid coat, which presumably give the amyloid-laden vessel some stability. Regarding therapies aimed at reducing the risk of vessel rupture, the genetically defined APP23 mice offers a great potential to identify molecular factors involved in vessel rupture. For example, it has been suggested recently that the ApoE ⑀2 genotype predisposes an amyloid-laden vessel to rupture (O'Donnell et al., 2000) .
Finally, mouse models of CAA and CAA-related hemorrhagic stroke will now allow to study the functional consequences of CAA and related hemorrhage in more detail. We have shown previously that CAA in adult APP23 mice (in the absence of bleeding) leads to perivascular neurodegeneration, including neuron loss, dystrophic terminals, and microglial activation Phinney et al., 1999) . In the present study, we have demonstrated multiple and recurrent bleeding in APP23 mice as they age, which in turn induces additional neurodegeneration. These observations suggest that a significant portion of the cognitive impairment in APP23 mice (Kelly et al., 1999; Sommer et al., 2000) may be caused by a chronic toxic effect of CAA on the parenchyma and by CAA-induced multiple hemorrhages. It is also striking that several forms of dementia have been described recently, all of which exhibit severe amyloid angiopathy but lack significant neuritic plaque pathology (Vidal et al., 1999 (Vidal et al., , 2000a . All of these observations point to the need to reevaluate the role of CAA in AD dementia.
